Objectives: Previous studies have demonstrated a decreased flow reserve in the surviving hypertrophied left ventricle (LV) early after myocardial infarction. We hypothesized that exacerbation of hemodynamic abnormalities and neurohumoral activation during exercise could exhaust coronary flow reserve and thereby impair myocardial O supply. Consequently, we studied hemodynamic, neurohumoral 2 and regional myocardial perfusion and metabolic responses to exercise in pigs with LV hypertrophic remodeling 3 weeks after a myocardial infarction produced by permanent left circumflex coronary artery ligation. Methods: Chronically instrumented pigs were exercised on a treadmill up to 85% of maximum heart rate. Pigs with a myocardial infarction (MI) had a lower cardiac output (21%), stroke volume (28%), LV dP/dt (18%), systemic (22%) and pulmonary (20%) vascular conductance, and increased left atrial (225%) max and pulmonary artery (75%) pressures, compared to normal pigs. In MI, the exercise-induced increases in cardiac pump function, and systemic and pulmonary vasodilation were blunted compared to normals. Consequently, perfusion of visceral organs became impaired during strenuous exercise, but cerebral and skeletal muscle blood flows were maintained. Exercise-induced increases in norepinephrine and endothelin levels were exacerbated and, while relative sympathetic drive was maintained, cardiac responsiveness to norepinephrine was blunted. Despite lower capillary densities in the hypertrophied non-infarcted LV and relative subendocardial hypoperfusion during strenuous exercise, which necessitated a slight increase in O extraction, there was no metabolic evidence of overt myocardial ischemia 2 during strenuous exercise as indicated by the arterio-coronary venous pH difference. Conclusions: LV dysfunction and neurohumoral activation were present in pigs with a 3-week-old infarction, particularly during exercise. However, although myocardial perfusion and O 2 supply were slightly impaired, myocardial ischemia did not occur even during exercise up to 85% of maximum heart rate, suggesting that perfusion abnormalities do not contribute to LV dysfunction early after infarction.
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Introduction
(MBF) abnormalities in the progression of left ventricular (LV) dysfunction following infarction to overt heart failure Heart failure is currently the only major cardiovascular is incompletely understood, but in vivo studies in rats [1,2] disorder of which the incidence is increasing. Myocardial and pigs [3] indicate a reduction in MBF reserve of up to infarction is becoming an increasingly important risk factor 35% in the surviving post-infarct LV myocardium, 3-8 for heart failure due to the reduction in acute infarctionweeks after infarction. Since hemodynamic and neuroassociated mortality. The role of myocardial blood flow humoral abnormalities associated with LV dysfunction are exacerbated during exercise, MBF increments could be impaired during increased O demand produced by exer- cise, thereby limiting myocardial O availability. Consecumflex coronary artery (LCx) was permanently occluded 2 quently, we investigated the responses of MBF and in 17 MI [4, 8] , which were monitored for 1 h and if myocardial metabolism to treadmill exercise in normal needed internally defibrillated (10-30 J) . Two MI died due pigs (N) and pigs with a 3-week-old myocardial infarction to recurrent fibrillation. Catheters were tunnelled to the (MI) to determine whether impaired MBF responses limit back and animals were allowed to recover, receiving myocardial O availability and result in myocardial isanalgesia (0.3 mg buprenorphine i.m.) for 2 days and 2 chemia. Since this is the first study of the responses to antibiotic prophylaxis (25 mg / kg amoxicillin and 5 mg / kg exercise in pigs with a myocardial infarction, we also gentamycin i.v.) for 5 days [6, 7] . Four MI died during the determined the exercise-responses of LV function, sysfirst night after surgery. temic and pulmonary hemodynamics, and neurohormones.
2.3. Experimental protocols
Methods
Central and regional systemic, pulmonary and coronary hemodynamic and neurohumoral responses to exercise 2.1. Animals were studied in 16 N (3161 kg) and 11 MI (2961 kg), at 1962 and 2061 days post-surgery, respectively. After Studies were performed in accordance with the Guide baseline measurements (lying, 0 ; and standing, 0 ) were
for the Care and Use of Laboratory Animals (NIH obtained, a five-stage treadmill exercise protocol was publication 86-23, revised 1985) , and with approval of the begun (1-5 km / h in N and 1-4 km / h in MI); data were Animal Care Committee of the Erasmus University Rottercollected during the last 30 s of each 3-min exercise stage dam. Thirty-three 2-3-month-old Yorkshire X Landrace [6, 7] . pigs (2361 kg at the time of surgery) of either sex entered the study; 17 were designated to the MI group and 16 to 2.3.1. Regional blood flows the N group. Daily adaptation of animals to laboratory In 11 N and 10 MI, regional blood flows were deconditions started 1 week before surgery.
termined using the radioactive microsphere technique [5, 9] . In N, radioactive microspheres were injected at rest 2.2. Surgery (lying) and during exercise at 3 and 5 km / h. In MI, microspheres were injected at rest (lying) and during Pigs were sedated (ketamine, 20 mg / kg i.m.), anesexercise at 3 and 4 km / h. thetized (thiopental, 10 mg / kg i.v.), intubated and ventilated with O and N O to which 0.2-1% (v / v) isoflurane 2.3.2. Time course
was added [4] [5] [6] [7] . Anesthesia was maintained with To study the progression of LV dysfunction over time, midazolam (2 mg / kg followed by 1 mg / kg per h i.v.) and hemodynamic responses to treadmill exercise were addifentanyl (10 mg / kg per h i.v.). Under sterile conditions, the tionally studied in nine N at 1061 and 3262 days, and in chest was opened via the fourth left intercostal space and a nine MI at 961 and 3261 days after surgery. fluid-filled polyvinylchloride catheter was inserted into the aortic arch for mean aortic pressure measurement 2. tion (VO ) [6, 7] . An electromagnetic flow probe (14-15 bedded in paraffin. A minimum of four sections (4-mm 2 mm, Skalar) was positioned around the ascending aorta for thickness) were obtained, mounted on poly-L-lysine-coated measurement of aortic blood flow. A microtipped pressureglass slides, rehydrated and stained with hematoxylintransducer (P , Konigsberg Instruments) was inserted into eosin (routine staining), resorcin-fuchsin to stain the 4.5 the LV via the apex. Polyvinylchloride catheters were elastic layers of arterioles, or lectin to stain capillary walls. inserted into the LV to calibrate the Konigsberg transducer Using a microscopy image analysis system (Impak C, LV pressure signal [6, 7] , and into the left atrium to Clemex Vision Image analysis system, Clemex Techmeasure pressure and inject radioactive microspheres to nologies) slides were analyzed at 3200 and 3400 magnifidetermine regional blood flows [5] . Catheters were inserted cation for arteriolar (40-120 mm) and capillary densities, into the pulmonary artery to measure pressure, administer respectively. drugs and collect mixed venous samples [6, 7] . An angiocatheter was inserted into the anterior interventricular vein 2.5. Data analysis for blood sampling, while a Doppler flow probe (2.0-3.0 mm, Crystal Biotech) was placed around the left anterior Digital recording and off-line analysis of hemodynamics descending coronary artery [6, 7] . The proximal left cirand regional blood flows have been described previously In resting MI, mean pulmonary artery pressure was kidneys, small intestine, and pancreas were shifted towards elevated (75%), due to a higher left atrial pressure and a lower blood flows (P,0.05 by ANCOVA). lower pulmonary conductance (Fig. 1) . In both MI and N, mean pulmonary artery pressure increased during exercise 3.3. Neurohormones but, in contrast to N, pulmonary vascular conductance did not increase in MI.
In MI, circulating levels of renin, angiotensin II and aldosterone were not different from N under resting 3. The hemodynamic responses to exercise between |10 endothelin, angiotensin II and aldosterone increased in MI and |32 days after surgery did not change in MI and N (all P,0.05 versus rest at 4 km / h) but not in N. However, (Fig. 3) . Stroke volume and BVO increased over this the exercise-induced increases in aldosterone, angiotensin 2 period, but this was likely due to body growth (from 2561 II and the trend towards increased renin (P50.11) in MI to 3361 kg in MI and from 2661 to 3361 kg in N),
were not different from the responses in N. because stroke volume index (not shown) and BVO index Fig. 6 illustrates that the norepinephrine response to 2 were unchanged. These findings indicate that the degree of exercise, plotted as a function of percent of estimated LV dysfunction and the circulatory adaptations in MI were maximum BVO , was similar in MI and N, indicating a 2 stable over this time period. preserved relative sympathetic drive. In contrast, cardiac were shifted up-and downward, respectively, compared to Normalized right ventricular (RV) weight (RV to body those in N (Fig. 7) , indicating that arterial O supply was 2 weight ratio) was 47% higher in MI (1.6260.20 g / kg) slightly impeded in MI. The impediment of blood flow than in N (1.1060.06 g / kg, P,0.05). Stepwise multioccurred principally in the inner half of the LV wall, but variate linear regression analysis showed that the degree of was small and not associated with a widening of the RV hypertrophy corresponded best with resting pulmonary arterio-coronary venous pH difference, suggesting that 2 artery pressure (r 50.81), with no additional contribution overt ischemia did not occur. of resting levels of endothelin, or of any other neuroIn the LV anterior free wall, arteriolar densities were hormone. LV to body weight ratio was 3.6360.15 g / kg in similar in MI and N, while capillary densities were lower MI and 3.2360.08 g / kg in N, representing a 12% increase in MI (Fig. 8 ). (P,0.05). The degree of LV hypertrophy did not correspond with any of the hemodynamic determinants (e.g., (r 50.10) or norepinephrine (r 50.04), but this may have been, at least in part, the result of the opposing effects of a This is the first study to investigate the integrated large infarct on loss of viable tissue versus elevated responses of LV pump function, neurohormones, and loading conditions on the surviving myocardium.
(regional) systemic, pulmonary and coronary hemody- exercise was normalised as a percentage of 295 beats / min, which is the maximum heart rate for normal young pigs [6] . Since heart rate and body VO as a 2 percentage of maximum correlate closely during exercise, maximum body VO was computed and all body VO values were normalised as a percentage of 2 2 the estimated maximum body VO . In MI, we previously observed that heart rates during exercise at 4 km / h in the presence of atropine did not increase 2 above 260 beats / min. Consequently, we normalised heart rate at 4 km / h to the estimated maximum heart rate of 260 beats / min, and normalised body VO LV dysfunction was produced by permanent ligation of the latter is associated with impaired perfusion of splanchthe left circumflex coronary artery, which results in a nic organs during strenuous exercise, but maintained circumscript transmural infarction of the lateral LV wall, cerebral and skeletal muscle blood flows. (ii) Exercise comprising 20-25% of the total LV [10] . LV dysfunction produces exaggerated increases in circulating norepinephin awake resting MI was characterised by 20-30% derine, epinephrine, ANP and endothelin levels in MI, but the creases in cardiac output, stroke volume and LV dP/dt max relative sympathetic drive is still maintained. In contrast, and a tripling of LV filling pressure (1363 mmHg). cardiac responsiveness to exercise-induced increases in Previously we observed that during the first week after norepinephrine is blunted. (iii) Myocardial capillary deninfarction significant LV dilation occurs, but that between 1 sity is decreased and the subendocardium is hypoperfused and 6 weeks after infarction no further LV dilation occurs in the surviving hypertrophied LV myocardium 3 weeks [8] . The present study shows that the difference between after MI, which necessitates a small increase in O LV dP/dt , cardiac output and stroke volume in N and 2 m a x extraction during exercise but does not appear to cause MI remained constant between |10 and |32 days, indicatovert myocardial ischemia. These findings suggest that ing that the degree of LV dysfunction and the circulatory perfusion abnormalities do not contribute significantly to adaptations in MI were stable during this observation the LV dysfunction that occurs in the early stage of LV period. In contrast, the global biventricular carremodeling. diomyopathy produced by 3-4 weeks of rapid ventricular L pacing in dogs or pigs produces symptomatic and progres-4 km / h, when curves began to diverge; 4 km / h was also sive heart failure (which is often reversible upon cessation the maximally attainable exercise level for most MI. In of pacing, particularly during the initial stages of the dogs with pacing-induced heart failure, exercise-induced process) that mimics severe end-stage human heart failure, increases in LV systolic pressure and LV dP/dt are even max reflected by 35-70% reductions in cardiac output and more reduced (up to 70%), reflecting the more severe stroke volume [11] [12] [13] , LV dP/dt [12, 14] , LV fractional degree of dysfunction [14] . max shortening [12, 13] , and dramatic elevations in LV filling pressures (up to 30 mmHg [12] [13] [14] ). 4.1.2. Neurohumoral activation During exercise, cardiac output, LV systolic pressure and Neurohumoral activation in resting MI was character-LV dP/dt increased almost in parallel in MI and N until ized by a trend towards elevated plasma levels of catecholmax and because nitric oxide production is blunted in heart failure we hypothesized that a possible loss of nitric oxide would impair blood flow particularly in those muscle groups that contain the highest number of oxidative fibers (i.e., the deep red muscle) [22] . However, inspection of Fig. 4 shows that flows were maintained in all skeletal muscle groups, suggesting that either nitric oxide production is unperturbed at this stage of post-infarction LV dysfunction or that other vasodilators compensated. These results also suggest that skeletal muscle perfusion abnor- after infarction, when skeletal muscle perfusion and function are still normal. amines but normal levels of the circulating renin-angioten-MI were still capable of maintaining a normal body O 2 sin-aldosterone system. The latter may have been due to consumption, even during exercise, by increasing O 2 the 50% increments in ANP and endothelin, which can extraction as compensation for the lower cardiac output. In suppress renin and aldosterone release [15] . In a recent contrast, in pacing-induced heart failure cardiac output can study we observed that over a 6-week follow-up period in decrease up to 70% [13] , which simply cannot be compenresting MI, ANP doubled within 24 h, recovered to 50% sated by an increased O extraction, resulting in limited O 2 2
above normal values within 2 weeks and remained stable availability even under resting conditions. between 2 and 6 weeks after infarction, while renin and norepinephrine levels remained normal [8] . In contrast, the 4.1.4. Pulmonary circulation more severe hemodynamic abnormalities observed in Pulmonary artery pressure had almost doubled at |3 pacing-induced heart failure are accompanied by marked weeks after infarction, which was associated with a 47% neurohumoral activation including 4-20-fold elevations in increase in RV weight. The increase in pulmonary artery plasma levels of catecholamines, renin, aldosterone and pressure resulted from an increased left atrial pressure endothelin [13, 16] .
together with, at strenuous exercise-levels, a decrease in In contrast to the discrete neurohumoral activation in pulmonary conductance. The mechanism for the increased resting MI, exercise resulted in exaggerated increases in pulmonary tone cannot be determined from the present catecholamines and ANP and increases in endothelin, study, but could be due to loss of NO production. In angiotensin II, and aldosterone. Patients with increasing addition, a role for endothelin is suggested by the inverse severity of heart failure display a progressive blunting of relation between endothelin concentrations and pulmonary the relative sympathetic drive [17] . While in the present conductance in resting pigs, which is in agreement with study resting circulating levels of norepinephrine were still recent experimental and clinical heart failure studies [23] . normal and the relative sympathetic drive in response to
The present study also shows that |3 weeks following exercise was preserved in MI, the cardiac responsiveness infarction, exercise-induced pulmonary vasodilation is to exercise (both heart rate and LV dP/dt ) was already virtually absent in MI, possibly due to the exercise-induced max blunted 3 weeks after infarction. A selective increase in increase in endothelin levels. cardiac sympathetic drive, which precedes generalized activation in heart failure patients [18] , may have con-4.2. Coronary circulation tributed to the blunted cardiac responsivess to exerciseinduced increases of norepinephrine, via b-adrenoceptor Marked decreases in myocardial perfusion occur in desensitization and / or downregulation.
pacing-induced severe heart failure in pigs [24] and dogs [14, 25] , especially in the more vulnerable subendocardial 4.1.3. Systemic circulation: O transport and regional layers. Although one study in dogs indicated that the lower 2 blood flows myocardial blood flow is principally the result of a lower Regional blood flows were slightly lower in visceral myocardial VO [14] , studies in pigs suggest that the 2 organs, under resting conditions and particularly during impaired perfusion is responsible for the deterioration of exercise, most likely due to the elevated catecholamine and LV function because the ultrastructural changes resemble endothelin levels. In contrast to the decreased skeletal those that are associated with ischemia (i.e., interstitial muscle perfusion observed in rats [19, 20] , skeletal muscle edema and disruption of collagen fibers in the subendocarblood flow was maintained in MI, both at rest and during dium) [26, 27] . In animals models of compensated pressure exercise. Nitric oxide is particularly important in maintain--overload -induced severe LV hypertrophy, selective ing blood flow during exercise in slow oxidative and underperfusion of the subendocardium can produce fast-oxidative but not in fast glycolytic muscle fibers [21] , myocardial ischemia during exercise and result in post- exercise myocardial stunning [9, 28, 29] . Repetitive exerto N. On the other hand, the arterio-coronary venous pH cise-induced stunning may lead to progressive functional difference was similar to N, suggesting that anaerobic and structural ischemic changes contributing to the deteriometabolism was absent and that myocardial blood flow and ration of LV function over time [28, 29] .
O consumption were still matched up to exercise levels at 2
The contribution of perfusion abnormalities in the 85% of maximum heart rate. These findings indicate that remote surviving myocardium after a myocardial infarction despite increases in extravascular forces (elevated LV to the LV dysfunction remains unclear. Studies in rats [1, 2] filling pressures), increased circulating levels of catecholdemonstrated a 25-40% reduction in coronary flow reserve amines and endothelin and possibly loss of NO production, in the surviving myocardium at 4 [1] and 8 [2] weeks after there is sufficient coronary vasodilator reserve to maintain myocardial infarction. In addition, maximum subendocarmyocardial blood flow commensurate with metabolic dial blood flow was blunted by 40% in anesthetized pigs needs. with heart failure 3 weeks after a myocardial infarction [3] . We hypothesized that the decreased flow reserve could 4.3. Clinical relevance limit the increase in myocardial blood flow to the hypertrophied myocardium during exercise when hemody-
The present study indicates that 3 weeks after myocarnamic abnormalities and neurohumoral activation are dial infarction, LV dysfunction is clearly present evidenced exacerbated, thereby impairing myocardial O supply. LV by hemodynamic abnormalities and neurohumoral activa-2 filling pressures were elevated in MI (to a similar level as tion at rest and particularly during exercise, but that in the study of Zhang et al. [3] ), while endothelin and myocardial blood flows are only slightly impaired leaving norepinephrine levels were increased, particularly during myocardial O consumption unaffected. The lack of overt 2 exercise. anaerobic metabolism even during heavy exercise suggests Three weeks after infarction, myocardial blood flow per that myocardial perfusion abnormalities within the survivgram of tissue in the LV anterior wall of resting MI, was ing myocardium do not contribute to LV dysfunction in the similar to that in resting N, confirming previous studies in first few weeks after infarction. This also suggests that rats and pigs [1] [2] [3] . In contrast, during the initial 14 days patients with a recent myocardial infarction can safely after infarction, an increase in basal flow per gram of perform light to moderate exercise (,75% of maximum myocardium in the remote surviving part of the LV has heart rate) without an increased risk of encountering been reported [30] , which most likely reflects the increased myocardial ischemia, provided there is no significant myocardial metabolic demands at a time when LV dilation coronary artery disease within the non-infarcted myocaris present [8] but hypertrophy is still in progress. Interestdial regions, and supports increasing efforts to initiate ingly, we observed a small trend towards higher blood rehabilitation early after myocardial infarction as a theraflows in the outer two layers (P50.09), suggesting that peutic adjuvant to prevent deconditioning and progression despite hypertrophy of the surviving myocardium [8] , of LV dysfunction [31] This study was in part supported by metabolic demand per gram of myocardium in the outer, a grant from E. Merck Darmstadt.. but not the inner, layers was still slightly elevated, 3 weeks after infarction. The LV to body weight ratio increased by only 12%, suggesting that LV hypertrophy in response to Acknowledgements the volume-overload (in contrast to the 47% increase in RV to body weight ratio secondary to the 75% increase in Rene Stubenitsky, Angelique van den Heuvel and Rob pulmonary artery pressure) was only modest. However, the van Bremen are gratefully acknowledged for technical LV to body weight ratio likely underestimates the degree assistance. The research of Dr. Duncker has been made of hypertrophy in the surviving portion of the LV myocarpossible in part by a Research Fellowship of the Royal dium, due to the loss of 20-25% of viable LV myocardium Netherlands Academy of Arts and Sciences, and an and replacement by scar tissue. Consequently, based on 'Established Investigator' stipend of The Netherlands previous observations from our laboratory, the degree of Heart Foundation (2000D038). hypertrophy of the surviving portion of the LV was more likely in the range of 25-30% [4] .
During exercise, myocardial blood flow increased but References was distributed away from the subendocardium towards the subepicardium in MI compared to N. The impediment 
